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Manganese superoxide dismutase (MnSOD) is vital to the protection of mitochondria and cells
against oxidative stress. Earlier, we demonstrated that catalytically active homo-tetramer of MnSOD
can be stabilized by oxidative cross-linking. Here we report that this effect may be translated into
increased radioresistance of mouse embryonic cells (MECs) by pre-exposure to oxidative stress.
Pre-treatment of MECs with antimycin A, rotenone or H2O2 increased their survival after irradiation.
Using MnSOD siRNA, we show that MECs with decreased MnSOD levels displayed a lowered ability to
preconditioning. Thus oxidative preconditioning may be used for targeted regulation of MnSOD.
Structured summary:
MINT-7288408: MnSOD (uniprotkb:P04179) and MnSOD (uniprotkb:P04179) physically interact
(MI:0915) by zymography (MI:0512)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mitochondrial damage realized through superoxide dependent
pathways plays a critical role in radiation injury to cells and
tissues [1]. These effects of superoxide and other superoxide-de-
rived reactive oxygen species on mitochondria may be realized
immediately due to irradiation (IR) induced radiolysis of water,
as well as at later time during the mitochondrial stage of apop-
totic response [2]. Manganese superoxide dismutase (MnSOD)
provides the ﬁrst line of defense against superoxide overpro-
duced in the mitochondria [3]. Post-irradiation generation of
reactive oxygen and nitrogen species, likely associated with the
formation of peroxynitrite, may lead to inactivation of MnSODchemical Societies. Published by E
idium iodide; PS, phosphati-
oxide dismutase; IR, ionizing
ed control
itical Care Medicine, Univer-
15201, USA. Fax: +1 412 692[4]. Notably, MnSOD conﬁned to mitochondria – but not MnSOD
genetically manipulated to be in the cytosol – is radioprotective
[5]. Moreover, treatment with MnSOD plasmid has been shown
to improve survival of mice exposed to total body irradiation
(9.5 Gy) [6].
Adaptive response, or preconditioning, allowing to avoid lethal
effects of radiation exposures, has been observed in cell-survival
studies from yeast to mammalian and human cells in vitro as well
as animal models in vivo [7]. The precise mechanisms by which
preconditioning occurs are unknown. Recently, we have shown
that treatment of recombinant human (rh)MnSOD with oxidants
(hydrogen peroxide (H2O2) plus horseradish peroxidase or Cu2+)
induced formation of dityrosine cross-linked high molecular
weight oligomers with intact activity and increased resistance to
unfolding, degradation, and peroxynitrite mediated inactivation
[8]. Based on this, we hypothesized that oxidative modiﬁcation of
MnSOD represents a novel radioprotective strategy that may be
realized in a preconditioning paradigm. Here we show that
short-term pre-treatment of cells with pro-oxidant inhibitors of
mitochondrial complexes I and III – rotenone or antimycin A
(AA) – caused protection against IR-induced cell death. We furtherlsevier B.V. All rights reserved.
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the protective effect.Fig. 1. Protection of MECs against IR-induced death by pretreatment (30 min prior
to IR) with inhibitors of mitochondrial respiratory complexes – AA (A and B) and
rotenone (C). (A) Dependence of preconditioning effect on AA concentration
(0.05–4.5 lg/ml). The number of PI(+) cells was measured at 48 h after IR. (B)
Time-course of IR-induced cell death (AA, 1.5 lg/ml). (C) Protective effect of
preconditioning with rotenone (0.01–100 lM, other conditions as in A).2. Materials and methods
2.1. Reagents
Annexin-V apoptosis detection kit was purchased from BioVi-
sion (Mountain View, CA). Caspase-3/7 activity kit was obtained
from Promega (Madison, WI). siRNA and transfection reagents
were from Invitrogen (Carlsbad, CA). Other reagents were pur-
chased from Sigma (St. Louis, MO).
2.2. Cell culture
Mouse embryonic cells (MECs, courtesy of Dr. X. Wang, Univer-
sity of Texas, Dallas) were cultured in DMEM media supplemented
with 15% fetal bovine serum, 25 mM of HEPES, 50 mg/L of uridine,
110 mg/L of pyruvate, 2 mM of glutamine, 1  non-essential amino
acids, 0.05 mM of b-mercaptoethanol, 0.5  106 U/L of mouse leu-
kemia inhibitory factor, 100 U/L of penicillin, and 100 lg/L of
streptomycin.
2.3. Treatment and irradiation
Cells (0.5–2  105) were seeded in 35 or 60 mm cell culture
dishes and left to attach overnight. Cells were incubated with AA,
rotenone or H2O2 in complete culture medium before IR (30 min)
and were c-irradiated using a Shepherd model 143-45A irradiator
(J.L. Shepherd & Associates, San Fernando, CA) at a dose rate of
4 Gy/min. Then cells were washed twice and mediumwas replaced
with fresh one.
2.4. Caspase activity
Caspase activity in cell lysates was measured with a Caspase-
Glo-3/7 assay kit. Chemiluminescence was determined at 25 C
with ML1000 plate reader (Dynatech Laboratories, Chantilly, VA)
and activity was expressed as luminescence intensity per milli-
gram protein produced within 1 h incubation.
2.5. Cell viability
Cell viability was determined with propidium iodide (PI). For
assessments of phosphatidylserine (PS) externalization Annexin
V-FITC (plus PI) was employed. Both measurements were
performed on FACScan ﬂow cytometer (Beckton-Dickinson,
Franklin Lakes, NJ). PS externalization was assessed as the sum of
Annexin-V(+) cells with PI() and PI(+) cells.
2.6. Cell morphology
MECs were grown on collagen-coated glass cover slips prior to
AA treatment and IR. At 48 h after irradiation, cells were ﬁxed with
paraformaldehyde (4%), stained with Hoechst3343 (2 lg/ml) for
15 min followed by ﬂuorescence and visible light microscopy to
visualize the morphological characteristics associated with apop-
totic cells, including blebs, nuclear breakdown and heterochroma-
tin aggregation [9].
2.7. MnSOD activity
Prior to measurements, cells were ruptured by sonication in PBS
containing a protease inhibitor cocktail. MnSOD activity was
measured using cytochrome c reduction method of McCord andFridovich [10]. Samples were pre-incubated with 5 mM KCN for
45 min at RT to deactivate Cu,Zn-SOD.
2.8. MnSOD zymography and Western blotting
Cells were collected and lysed in RIPA buffer with protease
inhibitors on ice for 45 min, centrifuged at 10 000g for 5 min
and the supernatants were collected for electrophoresis. For
zymography, samples were incubated in Laemmli buffer contain-
ing 1.5% SDS and 100 mM DTT for 15 min, and 30 lg of protein
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champ and Fridovich [11] was used to visualize SOD activities.
Brieﬂy, the gel was thoroughly washed in PBS then incubated with
0.23 mM nitro-blue tetrazolium for 15 min at RT. The gel was again
washed 4  5 min in PBS. Finally, the gel was soaked in the dark in
a solution containing 28 mM TEMED and 2.8  102 mM riboﬂavin
for another 15 min. Then gel was washed again as previously, and
exposed to light. For Western blot analysis samples (20 lg protein
per lane) were heated for 5 min at 100 C, subjected to 12%
SDS–PAGE and transferred to a nitrocellulose membrane, which
was probed with antibodies against MnSOD or actin, followed by
horseradish peroxidase-coupled detection. Typical gels representa-
tive of three experiments are shown.
2.9. siRNA transfection
One day before transfection, MECs were plated in growth med-
ium without antibiotics such that they were 30–50% conﬂuent at
the time of transfection. Transfection was carried for 6 h. After that,
the medium was removed and replaced with normal culture
medium.
2.10. Statistical analysis
Data are expressed asmeans ± S.D. (S.E. when indicated) of at least
three experiments. Changes in variables were analyzed by paired
t-test or ANOVA. Differences were considered signiﬁcant at P < 0.05.Fig. 2. Biomarkers of IR-induced apoptotic cell death (evaluated at 48 h after IR) and p
Annexin-V positivity in PI(+) and PI() cells. (B) Caspase-3/7 activity. (C) Apoptotic mor3. Results
3.1. Irradiation-induced cell death and oxidative preconditioning of
MECs
Evaluation of MECs survival 48 h after exposure to 15 Gy irradi-
ation (IR) by PI positivity showed that IR resulted in20% cell death
(Fig. 1A). Pretreatment of cells with AA, a mitochondrial complex III
inhibitor [12], 30 min before IR signiﬁcantly decreased the number
of PI(+) cells. This effect was dependent on AA concentration with
saturation at 0.5 lg/ml. The protective effect of AA was more
pronounced 72 h after IR (Fig. 1B). AA alone did not cause any sig-
niﬁcant cytotoxicity in the dose range 0.05–1.5 lg/ml; however,
AA was toxic to MECs at doses exceeding 4.5 lg/ml. Along with
PI-positivity as a marker of late cell death, we evaluated IR-induced
phosphatidylserine (PS) externalization by Annexin-V positivity. To
this end, we assessed the amounts of Annexin-V(+)/PI() and
Annexin-V(+)/PI(+) cells as indicators of early and late apoptosis,
respectively. We found that 45–50% of MECs displayed apoptotic
phenotype 48 h after IR (Fig. 2A).
Pretreatment of cells with AA (1.5 lg/ml, 30 min) signiﬁcantly
decreased the number of apoptotic cells. This protective effect
was also observed when AA pretreatment was performed for 2 h.
However post-treatment with AA (5 min or 4 h after IR) did not
confer radioprotection.
In line with the high percentage of apoptotic cells, assessments
of caspase-3/7 demonstrated a 7-fold increase of enzymaticrotection with AA pretreatment (AA, 1.5 lg/ml). (A) PS externalization assessed by
phology.
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by AA pretreatment (1.5 lg/ml, 30 min) (Fig. 2B).
Typical apoptotic morphology – nuclear fragmentation, chro-
matin condensation, blebbing – was observed in50% of irradiated
cells (Fig. 2C). AA pretreatment (1.5 lg/ml, 30 min) attenuated the
apoptotic response as evidenced by a signiﬁcantly decreased num-
ber of cells with characteristic apoptotic morphology (30%).
We further utilized rotenone, a mitochondrial complex I inhib-
itor [13]. Pre-treatment with rotenone (0.01–10 lM, 30 min before
IR) was as radioprotective as AA. Based on PI assessments of cell
viability, rotenone suppressed IR-induced cell death by 30%
(Fig. 1C). To support the association of the protective action of
mitochondrial respiratory inhibitors with oxidative stress, we
additionally evaluated the effects of short-term exposure to H2O2
on preconditioning of MECs to irradiation in the range from 50 to
1000 lM concentrations of the oxidant. At concentrations
500–1000 lM, the preconditioning effect to 15 Gy irradiation was
similar (30% as evidenced by PS externalization). At lower con-
centrations (<500 lM), slight but insigniﬁcant protective effects
were observed (data not shown).
3.2. Antimycin A induced increase of MnSOD activity
To investigate possible association of oxidative preconditioning
with MnSOD, we evaluated the activity of the enzyme before and
after treatment of MECs with AA. The MnSOD activity of control
(non-AA-treated) MECs was 6 U/mg protein (Fig. 3A). After
30 min of AA treatment (1.5 lg/ml), MnSOD activity increased to
9 U/mg protein and after 4 h reached 13 U/mg protein [8].
Accordingly, Western blot analysis showed that the expression of
MnSOD protein was not increased after AA treatment (Fig. 3B).
In-gel zymography was used to examine association of the MnSOD
activity with the monomeric or oligomeric forms of the enzyme
(Fig. 3C). AA treatment resulted in increased dismutase activityFig. 3. AA induced increase in MnSOD activity. (A) Time-course of MnSOD activity in ME
means ± S.E. (B) Western blot analysis with anti-MnSOD antibody. (C) In-gel zymograph
cycloheximide (CH, 50 lM) on MnSOD enzymatic activity. Note that AA (1.5 lg/ml
(zymography, upper panel) compared to the amount of actin (Western blot, lower panein tetramers and higher molecular weight oligomers (Fig. 3C).
There was no detectable MnSOD activity corresponding to mono-
meric forms of the enzyme. In separate experiments, we conﬁrmed
the positioning of monomers and oligomers by Western blotting
with anti-MnSOD antibody (data not shown). Notably, MnSOD
oligomers were not dissociable by SDS (1.5%) plus DTT (100 mM).
When AA was used along with an inhibitor of protein synthesis,
cycloheximide (CH, 50 lM, Fig. 3D), time-dependent accumulation
of enzymatically active tetramers was also observed albeit at a
slightly lower level. Under these conditions, the content of actin
was decreased – an evidence of the inhibition of protein synthesis.
3.3. Role of MnSOD in irradiation preconditioning
To determine the extent to which MnSOD participates in
AA-mediated preconditioning, we employed MnSOD deﬁcient
MECs using siRNA approach. At 48 h, siRNA treatment (5–20 nM)
caused a concentration dependent decrease of MnSOD expression
(Fig. 4A). At siRNA concentration 15 nM, this was accompanied
by a decrease of MnSOD activity to 60% of control values
(Fig. 4B). siRNA treatment was not toxic to cells. MnSOD-depleted
MECs were then exposed to AA and irradiated. Two days after IR
(day 4 after siRNA treatment), the cells still retained their low lev-
els of MnSOD (data not shown). Importantly, the AA-dependent
preconditioning effect against IR was almost completely abolished
in MnSOD-depleted cells as evidenced by assessments of PS exter-
nalization (Fig. 4C).
4. Discussion
Adaptive response or preconditioning is an evolutionarily con-
served process in which a low dose of a stressful stimulus activates
reactions that increase the resistance of the cell or organism to a
moderate to severe level of stress [14]. In oxidative stressCs after AA pretreatment (1.5 lg/ml at indicated time points). Data are expressed as
y of MECs lysates for MnSOD activity before and after AA-treatment. (D) Effect of
) caused time-dependent accumulation of catalytically active MnSOD tetramers
l).
Fig. 4. Effect of MnSOD siRNA on IR-induced preconditioning. (A) Western blot with
anti-MnSOD antibody at 48 h after siRNA treatment (5–20 nM; SC – scrambled
siRNA). (B) MnSOD activity after 48 h of either MnSOD-siRNA or SC-siRNA
treatment. (C) Preconditioning of MnSOD-depleted MECs. At 48 h after siRNA
treatment, cells were exposed to AA (1.5 lg/ml, 30 min) and irradiated. PS
externalization was measured at 48 h after IR. Data are expressed as means ± S.E.
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induces an adaptive response that protects cells against further in-
sult by a second more cytotoxic challenge with the same or similar
damaging agent [15,16].
Preconditioning to radiation in mammalian cells was ﬁrst de-
scribed by Olivieri and co-workers [17], who reported that periph-
eral blood lymphocytes cultured in [H-3]-thymidine showed aScheme 1. Mitochondrial pre50% reduced frequency of chromosome aberrations following a
challenge with an acute, higher dose of X-ray exposure. Other stud-
ies showed that small doses of H2O2 induced protection against
subsequent ionizing radiation [18]. The presence of cycloheximide
or benzamide, during this pretreatment, inhibited the precondi-
tioning effects suggesting that protein synthesis was involved in
their realization.
MnSOD is one of the essential enzymes engaged in protection
against oxidative stress and radiation damage [3]. Presence of suf-
ﬁcient amounts of catalytically active MnSOD is critical for protec-
tion. This is because the reaction rate between superoxide and NO
is very high (1.6  1010 M1 s1) [19] and it is comparable to the
dismutation rate of superoxide catalyzed by MnSOD, which is on
the order of 109 M1 s1 [20]. In the past, this has been achieved
by increasing the amount of MnSOD via its enhanced expression
resulting in IR protection [1,21,22]. Using siRNA against mouse
MnSOD, Fan et al. elucidated that MnSOD contributed to low-dose
IR-induced adaptive radioresistance [23]. Increased gene expres-
sion of MnSOD and catalase as well as enhanced enzymatic activity
were also reported in mice 23 days after low-dose rate irradiation
[24].
Recently, the role of mitochondria in preconditioning has been
emphasized in several publications [25,26] (Scheme 1). Among
the proposed mitochondrial mechanisms of preconditioning are
protein biosynthesis, regulation of ion channels and permeability
transition pore stabilization. In the current study, we present a no-
vel concept of preconditioning that is realized via post-transla-
tional modiﬁcation of the existing protein. Our work
demonstrates that pre-treatment of cells with oxidants resulted
in modiﬁcation and associated structural stabilization of already
expressed MnSOD. Covalent cross-linking has been widely used
in biotechnology for protein stabilization against denaturing
[27,28]. Our previous work has established that oxidative cross-
linking of catalytically active MnSOD homo-tetramer results in
the formation of a stabilized structure which retains its catalytic
potency [8]. MnSOD forms a locked tetra- and higher molecular
weight oligomers via Tyr–Tyr cross-links (as evidenced by dityro-
sine ﬂuorescence, Western blot analysis with anti-dityrosine anti-
body and mass-spectrometry). The tetrameric protein contains 9
tyrosine residues per monomer. Two tyrosines – 45 and 166 are
positioned within close distance. Tyr45 is located in the in the pro-
tein domain responsible for the formation of MnSOD tetramers
from two dimers – the tetrameric interface [29]. On the other hand,
Tyr166 is located on the dimeric interface responsible for the
assembly of MnSOD dimers from its monomers. Except for Tyr45
and Tyr166, there are no other tyrosines that are in close proximity
to either the dimeric or tetrameric interface. Structural proximity
of tyrosine residues favors their oxidation rather than oxidation
of other aminoacid residues resulting in dityrosine formation and
cross-linking of subunits. Notably, this covalent oligomerizationconditioning pathways.
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resistance to inactivation by peroxynitrite [8]. Thus, covalent cross-
linking of MnSOD leads to overall enhancement of the antioxidant
defense. Using siRNA against MnSOD we showed that this antiox-
idant enzyme contributed to the adaptive protection but was not
accountable for the entire AA-induced preconditioning effect. It is
likely that other mechanisms such as oxidative stress-induced acti-
vation of NF-kB, uncoupling proteins, DNA repair enzymes, glyco-
lytic enzymes and subsequent enhancement of antioxidant and
anti-apoptotic protection (e.g. catalase, SOD, glutathione peroxi-
dase, glutathione reductase and Bcl-2) also play a role in the pro-
tective effects of preconditioning [25,26,30,31].
In our experiments, inhibitors of mitochondrial respiratory
complexes I and III – rotenone and AA – were used as inducers
of oxidative stress. These inhibitors are known inducers of super-
oxide production [12,32]. We also employed H2O2 – the product
of superoxide radical dismutation – as an alternative way to induce
oxidative modiﬁcation of MnSOD. All these approaches were asso-
ciated with signiﬁcant enhancement of resistance to IR. Notably,
oxidative stress-dependent chemical modiﬁcation and stabiliza-
tion of MnSOD occurred within short interval of time after the
pre-treatments (30 min). This offers an opportunity for develop-
ment of a rapid preconditioning protocol. Optimization of radiation
preconditioning treatments may include employment of agents
with relatively low toxicity. For example, mitochondria-targeted
coenzyme Q and its homologues have been shown to induce the
production of superoxide radicals in cells [33,34].
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